Background: Osteotomies have been performed for centuries yet there remains a remarkable lack
| INTRODUCTION
Successful implant osseointegration begins with optimal osteotomy site preparation. [1] [2] [3] For example, when an osteotomy is prepared using high-speed rotating instruments the resulting heat can damage the bone and vasculature, which delays new bone formation. 4, 5 An awareness of these detrimental effects has led to the adoption of methods to limit thermal injury, for example, the use of sharp drilling tools, 6 irrigation, 7, 8 and slow drilling speeds. 9 Piezoelectric devices have also been developed to avoid some of the disadvantages of rotating instruments, but detailed analyses show no clear advantage compared to conventional drilling tools. 10 Lasers, too, have been developed for similar reasons, with both advantages and limitations compared to drilling tools. 11, 12 Other techniques that attempt to improve osteotomy site viability have been tested. Rather than drilling, an initial osteotomy can be enlarged using specialized cutting tools 13 or by forcibly advancing an osteotome into a pilot hole. 14 These types of condensation procedures may increase interfacial bone volume/total volume (BV/TV), 15 but a common error is to assume that interfacial bone with a higher BV/TV will provide better initial support greater to an implant. 16 "Densifying"
interfacial bone by condensation can damage the connectivity of bony trabeculae, 15 and an extensive literature demonstrates that damaged bone is significantly weaker than intact bone. [17] [18] [19] [20] Consequently, implants placed in such osteotomies do not exhibit better primary-or secondary-stability. 13, 15 Although osteotomy site preparation has been studied for decades, there remains a remarkable lack of consensus on what constitutes an optimal method to cut bone. It is universally agreed, however, that preserving the structure of interfacial bone translates into better primary stability for an implant, and that preserving cell viability-in both hard and soft tissues-reduces bone turnover. This served as the launching point for our study: to establish quantifiable metrics by which to rigorously assess methods of osteotomy site preparation. We used in vivo models to test clinically relevant drilling speeds and protocols, then used computational modeling to understand how heat generated during drilling impacted new bone formation in an osteotomy site.
We used a validated mouse model of oral osteotomy site preparation, [21] [22] [23] which permitted detailed molecular, cellular, and histomorphometric assessment of the entire program of osteotomy healing. Results from these studies established the phases of osteotomy healing, the untoward consequences of high speed drilling on osteocyte viability, and how the rate of osteotomy healing differs depending on the Type of bone being cut. We also identified potential methods for improving osteotomy site preparation, which we propose can have a significant impact on osseointegration success.
| METHODS A ND MATERIALS

| Animals
Protocols were approved by the Stanford Committee on Animal
Research. Every effort was taken to ensure the guiding principles of the three R's were followed. 24 Wherever possible, animals were replaced with quantitative in vitro assays and mathematical modeling.
Power analyses were used to determine sample size; coupled with careful design, the study supported a reduction in the number of animals. Refinement was addressed by reducing suffering through the use of analgesics. 25 CD1 wild-type, and Axin2 LacZ/126 6-week-old female mice were housed in a temperature-controlled environment with 12 h light/dark cycles and, after maxillary 1st molar (eg, M1) extractions and after osteotomy site preparation, were fed a soft food diet and water ad libitum. There was no evidence of infection or prolonged inflammation at the surgical sites.
| Tooth extraction and osteotomy site preparation
In total, 60 mice were used for the surgical portion of this study. Mice were randomly assigned to experimental groups as described in Supporting Information Table 1 . Every effort was taken to minimize pain and/or discomfort by using appropriate anesthetics and analgesics.
Mice were anesthetized with inhalation of 2% isoflurane followed by an intraperitoneal injection of Ketamine (80 mg/kg) and Xylazine (16 mg/kg), combined with subcutaneous injections of buprenorphine (0.1 mg/kg).
A split mouth design was employed. After rinsing with a povidoneiodine solution for 1 min, maxillary first molars (M1) were extracted with forceps; bleeding was stopped by local pressure. Extraction sockets were fully healed by 4 weeks, 27 after which bilateral osteotomies were created in 2 locations: either the healed M1 site (which represents Type III bone 27 ), or on the edentulous ridge (which represents Type I bone 27 ). There is significant clinical skill required to produce such small osteotomies in a precise manner; consequently, the drilling procedure was practiced repeatedly on mouse carcasses before being carried out on anesthetized animals. Drills were 0.3 mm in diameter (Dill bit city, Chicago, Illinois). Drill speeds are as indicated in Support- 
| Modeling heat transfer during drilling
A 2-dimensional axisymmetric computational model was constructed.
An annulus constituted the region of interest (ROI) and had the following boundary conditions and dimensions, which were derived from mCT data of the osteotomy site: the inner radius, r i 5 0.15 mm; outer radius, r o 5 0.5 mm; and height, H 5 1.0 mm. The top and bottom boundaries were assumed to be insulated and the temperature at the right boundary and the initial temperature in the domain were set to 378C. A feed rate for the drill was chosen that increased with an increase in rotational speed (eg, 0.5 mm/s for 1000 rpm drilling and 0.8 mm/s for 40 000 rpm drilling). The heat flux, estimated from reference 28 was applied to the left boundary where the tip of the drill was located.
Below the drill tip, the value of heat flux was set to zero, and a convection boundary condition was applied above the drill tip. The temperature distribution in the bone was calculated by numerically solving the 2-dimensional transient heat conduction equation in cylindrical coordinates, using a finite difference method and Euler scheme for timestepping.
| Mechanical analysis of osteotomy sites
To define the mechanobiological environment of healing osteotomies, 
| Sample preparation and tissue processing
After sacrifice, tissues were harvested and fixed in the 4% paraformaldehyde overnight at 48C then washed in phosphate-buffered saline.
Samples were decalcified in 19% Ethylenediaminetetraacetic acid 
| Histomorphometric analyses
| Statistical analyses
Results were presented as mean 6 standard deviation. A two-tailed Student's t-test was used to determine significant differences between data sets. A P value < .05 was considered statistically significant and all statistical analyses were performed with Microsoft Excel software (Version 15.16 Seattle, Washington).
This study followed Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines.
| RE SULTS
| Establishing the time frame and phases of osteotomy healing
The first osteotomies were created on the edentulous ridge, anterior to M1. Osteotomies were produced using a drill with a diameter of 0.3 mm and a dental engine run at 1000 rpm; this translates to a radial velocity of 150 mm/min (2.5 mm/s) which is analogous in humans to the use of a 3.0 mm drill being run at 100 rpm. This conservative drilling speed was used as a starting point to establish the baseline for the osteotomy site healing response.
On post-osteotomy day (POD) 1 the site (demarcated by a dotted line) was filled with fibrin, cellular debris, and granulation tissue ( Figure 1A ). DAPI staining revealed very few viable cells in the site itself (arrows, Figure 1B ). There was no evidence of mitotic activity as shown by the absence of PCNA immunostaining ( Figure 1C) . Thus, the cellular activities at POD1 in the mouse corresponded to the same cellular events reported in large animal and human osteotomies. 33, 34 By POD2 very few proliferating cells were visible ( Figure 1D ) but nucleated cells had replaced red blood cells in the osteotomy site ( Figure 1E ). Inflammatory cells were also detectable ( Figure 1F ) along with TRAP 1ve osteoclasts that had begun to resorb the edges of the osteotomy ( Figure 1G ). Minimal ALP activity, which identifies areas undergoing active mineralization, was detectable at POD2 ( Figure 1H ).
Thus, POD2 corresponded to the beginning of the inflammatory period.
We did not observe any evidence of cartilage in the osteotomy site. In fact, analyses throughout the entire period of analysis confirmed that new bone formation occurred solely through intramembranous ossification. The question was, why? There is an extensive literature in the field of biomechanics that implicates stress/strain history as a key determinant of whether bone healing occurs via intramembranous versus endochondral ossification. 35, 36 To determine whether the stress/strain history of an oral osteotomy site favored intramembranous versus endochondral ossification we undertook a series of FE simulations to characterize the distortional strain and hydrostatic pressure within the osteotomy site itself. Boundary conditions were based on mCT data from mice and these FE analyses predicted very low distortional strains in both the bottom and top of the osteotomy (green bars, respectively; Figure 1I ), as well as very low hydrostatic pressures in the bottom and top of the osteotomy (blue bars, Figure 1I ). Therefore, the mechanical environment in an oral osteotomy site favors the direct differentiation of cells into osteoblasts.
Histologic analyses supported this prediction. By POD4, cell proliferation was detectable in the osteotomy ( Figure 1J ) and was accompanied by a notable increase in cell density site ( Figure 1K ). Bone remodeling continued ( Figure 1L ) but new bone formation was not yet initiated, as
shown by the lack of ALP activity and Osterix expression ( Figure 1M,N) and the deficit of new osteoid matrix ( Figure 1O ). By POD7, most cells in the osteotomy were mitotically active ( Figure 1P ), which was accompanied by a dramatic increase in cell density ( Figure 1Q ). Bone remodeling was on the wane ( Figure 1R ) and in its place, strong ALP activity heralded the onset of new bone formation ( Figure 1S ). This conclusion was When considered together, these molecular data established the phases and timeframe of osteotomy site healing in a rodent model. Clot formation and the inflammatory period spanned from POD0-4, the proliferative phase lasted between POD4-7, and the differentiation phase was in full swing by POD7. Our next series of experiments focused on which aspects of this healing time course were impacted by drilling speed.
| Drilling speed correlates with heat transfer and osteocyte apoptosis
Although it is widely appreciated that high speed drilling impedes osteotomy site healing 37 there is minimal data on the relationships between drilling parameters, the amount and distribution of the heat generated, and the biological consequences resulting from that heat transfer. To address these relationships, we constructed a computational model to calculate the magnitude and distribution of temperature elevation due to heat transfer from drilling at different speeds.
Using the same mouse model, an annulus of bone surrounding the osteotomy was selected as the ROI (green area, Figure 2A ). Heat generated from the tip of the drill bit was schematized in a computational model, which itself was established from murine mCT data ( Figure 2B ). When drilling at 1000 rpm, the average maximum temperature within the ROI was 388C ( Figure 2C , left panel). When drilling at 40 000 rpm, the average maximum temperature reached 1068C ( Figure 2C , right panel). The duration of the elevated temperature was calculated; when drilling at 1000 rpm, the temperature was very minimally elevated, and then for only a very short time (0.3 s, blue line, Figure 2D ). When drilling at 40 000 rpm, the temperature in bone was maintained above >508C for twice as long (red line, Figure 2D ).
The duration of heating measured in milliseconds; we wondered if this would have any biological effect on the bone. In other in vivo systems, thermal injury activates expression of a class of chaperone "heat shock" proteins involved in protecting cells from damage, 38 and the same was true after drilling in the mouse oral cavity: osteocytes near the osteotomy edge were positive for Hsp70 expression ( Figure 2E ).
Computational modeling predicted the spatial distribution of elevated temperatures. Compared to drilling at 1000 rpm, which did not lead to temperature elevation (blue line, Figure 2F ) drilling at 40 000 rpm created an elevated temperature zone that extended 130 mm radially from the osteotomy edge (red line Figure 2F ). This radial zone of elevated temperatures was reflected in a zone of TUNEL Figure 2G ). Drilling at 20 000 rpm also created a zone of cell death, albeit a narrower one ( Figure 2H ). Drilling at 5333 rpm and 1000 rpm caused progressively fewer osteocytes to undergo programmed cell death ( Figure 2I ,J).
Osteocyte apoptosis triggered bone remodeling. TRAP activity predominated in osteotomies created with 40 000 rpm drilling ( Figure   2K ). Less TRAP staining was found in osteotomies created with 20 000 rpm drilling ( Figure 2L ) and this trend continued at the lower drilling speeds (Figure 2M,N) . Concomitantly, there was an increase in ALP activity at low drilling speeds, indicating mineralization predominated over bone resorption ( Figure 2N ). At later time points (eg, POD7), all osteotomies showed evidence of new bone formation.
Collectively, these results demonstrate that as drilling speed increased the duration and magnitude of elevated temperatures in the bone also rose, and both features were associated with an increase in the zone of death, and more pronounced bone resorption.
| Type III bones heal faster than Type I bones
Bones in the oral cavity have different densities, 39 and our next analyses focused on whether these differences had an impact on the rate of osteotomy site healing. In previous studies, we demonstrated that the murine maxillary edentulous ridge represents dense, lamellar Type I bone and a healed maxillary M1 extraction site represents trabecular Type III bone. 27 Therefore, using a constant drill speed, we tested whether osteotomy healing differed between these two Types of bone.
Analyses on POD7 showed new osteoid matrix had just initiated on POD7 in Type I sites (arrows, Figure 3A ; see also Figure 1U We began with an analysis of the intact bones. Runx2 1ve and Osterix 1ve osteoprogenitor cells were far more abundant in Type III bone than in Type I bone (compare Figure 4A ,B with C,D). The same observation was made after injury: within 1 day of creating an osteotomy in Type III bone, a few Runx2 1ve cells ( Figure 4E ), and many more Osterix 1ve cells, occupied the injury site ( Figure 4F ). Even 4 days after creating an osteotomy in Type I bone, however, Runx2 1ve and Osterix 1ve cells still had not appeared in the healing site ( Figure 4G,H) .
We located the sites where osteoprogenitor cells resided. Type III bone is penetrated by vascular sinusoids ( Figure 4I ) and coimmunostaining with DAPI, Osterix, and beta galactosidase to identify Wnt responsive cells 27 identified this as the primary location for this osteoprogenitor cell population ( Figure 4J ). By POD7, these Runx2 
| DISCUSSION
Ensuring successful osseointegration of an implant begins with optimal osteotomy site preparation. What constitutes ideal site preparation, however, is only superficially defined. Our goals here were first, to characterize the process by which an osteotomy heals and second, to determine how clinically relevant variables such as drill speed and type of bone impacted the healing process.
This study was carried out using a mouse model; consequently, one might legitimately wonder these results are relevant to clinical osteotomy site preparation. To address this issue, we took care to scale drill diameters and used radial velocities instead of rpm when calculating drill speeds to maintain proportional values with clinical protocols.
Other factors, such as the intrinsic material properties (eg, elastic modulus, Poisson's ratio) of murine bones do not substantially differ from those of human bone. 40 The predictions that emerge from our models involve quantities such as mechanical strain and temperature that "scale" that is, are translational to similar events in large animals. Strain, for example, is often measured as a percentage change in length, which has the same physical meaning whether the object in question is 100 mm or 10 mm in length. Likewise, if a given duration of elevated temperatures is found to kill osteocytes in murine bone, a similar exposure will also damage cells in human bone. 41 In sum, while no animal species completely recapitulates the response of human tissues to osteotomy site preparation, a rodent model has the potential to provide unique insights into an age-old surgical technique commonly used in humans.
| Osteotomy site healing is distinct from fracture repair
There are three notable characteristics that distinguish osteotomy healing from other types of bone repair. Compared to most fractures, an osteotomy site is relatively stable: its mechanical environment is characterized by relatively low distortional strains and hydrostatic pressures (Figure 1) , which favors the direct differentiation of progenitor cells into osteoblasts. 35, 36 Second, in an osteotomy site, drilling kills osteocytes on the cut bone edge ( Figure 2E -J), which in turn triggers a resorptive process followed by new bone formation ( Figure 2K-N) .
Although osteocytes are also killed at a fractured bone edge, [42] [43] [44] the zone of death is considerably smaller than that created by drilling (Figure 2H-J) . The third distinction between osteotomy site healing and fracture healing is anatomic location: many studies on dental implant osseointegration-including our own-have been carried out using the long bones as a model system. [45] [46] [47] This ectopic environment, however, differs substantially from the oral cavity: Craniofacial bones exhibit remarkable variability in volume (ranging from abundant to barely sufficient 48 )
, and "quality" 39, 49 (reviewed in Ref. 50 ). For example, bone in the anterior mandible is primarily comprised of homogenous, dense, Type I bone and although it provides excellent primary stability to implants, the lack of a blood supply is known to compromise osseointegration. 51 Conversely, Type II-III bone is structurally weaker but because of abundant vascular lacunae it supports implant osseointegration. 39 Data shown here (Figures 3 and 4) provide molecular insights into why osseointegration is successful even when bone is porous: vascular spaces in Type II-III bones harbor an abundance of Wnt responsive osteoprogenitor cells that quickly give rise to new bone (Figures 3 and 4) . Similar populations are nearly absent in Type I bone and consequently, new bone formation is slower (Figures 3 and 4) . It is universally agreed that thermal damage to the bone should be avoided at all costs; 4 consequently, it is standard practice to employ some means by which to cool the drill tip. Slower speed drilling is helpful ( Figure 2 ) but it should be emphasized that osteocyte death is not due to friction between the bone and the drill tip. 33 Rather, the heat generated by cutting is due to energy released in response to the very large deformation involved in cutting chips of the bone. 37 Therefore, one approach to reducing the amount of osteocyte death (and thereby reducing bone resorption around an implant placed in such an osteotomy) is to limit bone cutting, and instead attempt to deform the bone sufficiently to create room for an implant. Such an approach would have to be primarily employed in less dense, Type III and IV bone as compared to Type I bone.
It is generally thought that the shape of an osteotomy should facilitate maximum implant-to-bone contact. 52, 53 Our data, however, demonstrate that sites with minimal implant-to-bone contact show the fastest rate of healing ( Figure 3 ). There are two explanations for this pro-osteogenic response: first, such regions are characterized by low strain, 54 and in such low strain environments, osteoblast differentiation is significantly faster. 15, 46 Pre-clinical data from dog studies support this conclusion, where new woven bone formation appeared to be higher in "contact-free" regions around implants. 53 The second explanation for the pro-osteogenic response we observe in areas of no/low bone contact is that osteoprogenitor cells are abundant in vascular sinusoids, which are primarily responsible for creating the voids around an implant (Figure 4) . The abundance and proximity of these cells hastens new bone formation around an implant. 55 Thus, an implant design that purposefully produces pro- 
| CONCLUSIONS
Implant osseointegration can be improved by optimizing osteotomy site preparation. To aid clinicians in achieving superior osteotomy site viability we provide a mechanobiological framework for the evaluation of new tools and technologies designed to enhance bone formation in an osteotomy, and thus improve implant success.
